The nanocomposites Sm-Fe-Ga-C with low Sm contents have been prepared directly by melt spinning without a subsequent heat treatment. A highly isotropic remanence to saturation magnetization ratio of 0.6-0.7 and a relatively high coercivity of 5.5 kOe were achieved from the as-quenched ribbons. X-ray diffraction and thermomagnetic analyses show that the as-quenched ribbons consist of a magnetically hard phase Sm 2 Fe 15 Ga 2 C x and a magnetically soft phase ␣-Fe. Transmission electron microscopy observation demonstrates that the major 2:17-type phase has larger crystallites and the crystallites of the minor phase ␣-Fe are smaller and located separately at the grain boundaries of the major phase. The remanence enhancement is attributed to the exchange coupling between the intergrains. Both microstructure and magnetic properties are found to depend sensitively on the substrate velocity. The effect of the microstructure on hard magnetic properties has been discussed.
͑Received 27 October 1997; accepted for publication 23 December 1997͒
The nanocomposites Sm-Fe-Ga-C with low Sm contents have been prepared directly by melt spinning without a subsequent heat treatment. A highly isotropic remanence to saturation magnetization ratio of 0.6-0.7 and a relatively high coercivity of 5.5 kOe were achieved from the as-quenched ribbons. X-ray diffraction and thermomagnetic analyses show that the as-quenched ribbons consist of a magnetically hard phase Sm 2 Fe 15 Ga 2 C x and a magnetically soft phase ␣-Fe. Transmission electron microscopy observation demonstrates that the major 2:17-type phase has larger crystallites and the crystallites of the minor phase ␣-Fe are smaller and located separately at the grain boundaries of the major phase. The remanence enhancement is attributed to the exchange coupling between the intergrains. Both microstructure and magnetic properties are found to depend sensitively on the substrate velocity. The effect of the microstructure on hard magnetic properties has been discussed. © 1998 American Institute of Physics. ͓S0003-6951͑98͒00309-X͔ Sm 2 Fe 17 N x compounds seem to be very promising candidates as permanent magnets due to their high Curie temperature, strongly uniaxial anisotropy, as well as high saturation magnetization. 1 Unfortunately, the poor thermal stability restricts their practical application as sintered magnets. In order to overcome this drawback, Shen and coworkers found that the substitution of a small amount of Ga, Al, or Si for Fe in Sm 2 Fe 17 C x could stabilize the 2:17-type structure with high carbon concentration. 2 The arc-melted carbides with these additives are quite stable, retaining the 2:17 structure even at temperature above 1000°C. Furthermore, it was also found that small amounts of Ga substitution increased significantly the uniaxial anisotropy field as well as the Curie temperature. The compound Sm 2 Fe 15 Ga 2 C 2.5 has an anisotropy field exceeding 120 kOe at room temperature. Room-temperature coercivities of 12-16 kOe have been achieved directly by melt-spinning technique in samples with a nearly single-phase Sm 2 Fe 15 Ga x C 2.5 structure ͑xϭ2 and 3͒. A high coercivity of 12 kOe at room temperature has been also obtained in melt-spun and mechanically alloyed SmFe-Ga-C compounds by a subsequent heat treatment. 3, 4 However, introduction of nonmagnetic Ga atoms decreases the saturation magnetization monotonically. In order to obtain high value of maximum energy product, it is necessary to improve remanence and saturation magnetization and to keep the coercivity sufficiently high. Recently, a significant remanence enhancement has been observed in nanostructured two-or multiphase systems where a magnetically soft phase is strongly exchange coupled with a magnetically hard one. [5] [6] [7] The mechanism of remanence enhancement has been explained and the demagnetization curves have been simulated on the basis of micromagnetic calculations. 8, 9 These nanocomposite permanent magnet materials with optimum microstructure are expected to have an energy product up to 120 MG Oe and can be used as inexpensively bonded magnets due to the low rare earth concentration. 10 Most of the early work in this field was focused on the systems of Nd 2 Fe 14 B/␣-Fe and Sm 2 Fe 17 N x /␣-Fe, 5-7,9,10 the investigations of magnetic properties of nanocomposites Sm-FeGa-C with an excess of ␣-Fe are relatively few. 3, 11 To our knowledge, because it may be difficult to control the grain size and its distribution precisely, the magnetic properties of nanocomposite Sm-Fe-Ga-C with low Sm concentration fabricated directly by melt spinning without a subsequent heat treatment have not been reported. Recently, we have successfully synthesized nanocomposites composed of Sm 2 Fe 15 Ga 2 C x and ␣-Fe by direct melt spinning. In this letter, the relationship between their microstructure and magnetic properties will be discussed.
The alloy with nominal composition Sm 8 Fe 72 Ga 8 C 12 was prepared by arc melting. The as-quenched ribbons with a width of about 2.5 mm and a thickness of 25-35 m were prepared by melt spinning in a highly pure helium atmosphere at the substrate velocity s ϭ15-35 m/s. The phase composition was analyzed by means of x-ray diffraction ͑XRD͒ with Cu K␣ radiation and thermomagnetic curves. was performed using a vibrating sample magnetometer with a 70 kOe superconducting magnet. The microstructural properties were investigated by means of transmission electron microscopy ͑TEM͒. XRD patterns show that the samples quenched at s ϭ15 and 17.5 m/s are composed of a phase with the Th 2 Zn 17 -type structure and ␣-Fe ͑Fig. 1͒. No obviously preferential orientation of the crystallites is observed from the diffraction peaks. Therefore, it may be inferred that the structure is crystallographically isotropic. The ͑110͒ diffraction peak of ␣-Fe keeps at 2ϭ44.68°, which implies that Ga or C atoms do not dissolve in ␣-Fe to form Fe͑Ga,C͒ dilute alloys. The diffraction peaks corresponding to both 2:17-type and ␣-Fe are highly broadened with increasing substrate velocity and a certain amount of amorphous phase appears in the as-quenched samples at the substrate velocity of s у18.5 m/s. The grain size of ␣-Fe estimated by the Scherrer formula is found to decrease from 55 to 27 nm with increasing the substrate velocity from 15 to 18.5 m/s. When the substrate velocity is higher than 25 m/s, the as-quenched ribbons show a nearly complete amorphous state. For example, the XRD pattern of the sample quenched at 35 m/s is also presented in Fig. 1 .
The phase composition obtained from the thermomagnetic curves, as shown in Fig. 2 ribbon at s ϭ17.5 m/s contains two different phases. The major phase Sm 2 Fe 15 Ga 2 C x has larger crystallites while the minor phase has smaller crystallites and is located as isolated particles at the grain boundaries between the major phase. The average crystallites diameters of Sm 2 Fe 15 Ga 2 C x and ␣-Fe, as summarized in Table I , are found to decrease with increasing the substrate velocity from 140 and 50-60 nm for s ϭ15 m/s to 60-70 and 20-30 nm for s ϭ18.5 m/s, respectively. The grain size of ␣-Fe is consistent with that estimated by the Scherrer formula. For the sample quenched at s ϭ18.5 m/s, the crystalline grains are much finer and some amorphous phases exist in this sample. Figure 4 illustrates the hysteresis loops of these asquenched samples. The demagnetization curves for the samples at the substrate velocities of 15, 18.5, and 19.5 m/s demonstrate constricted loops, which imply that there is a simple mixture of independent ferromagnetic phases with largely different magnetic hardness. Although there are two different magnetic phases in the sample quenched at 17.5 m/s, its hysteresis loop shows a nearly single-phase hard magnetic behavior. The magnetic properties and microstructural properties of as-quenched Sm 2 Fe 15 Ga 2 C x /␣-Fe at different substrate velocities are listed in Table I . The coercivity is found to increase first and then to decrease with increasing the substrate velocity, while the remanence increases monotically. The reduced remanence ratio is found to be as high as 0.6-0.7. The remanence enhancement is due to the exchange coupling between the magnetically hard phase Sm 2 Fe 15 Ga 2 C x and the magnetically soft one. In two-phase permanent magnets the remanence enhancement owing to exchange interactions is very effective because most of the magnetic moments of the magnetically soft phase are aligned to the average direction of the easy axes of the neighboring hard magnetic grains. The grain-size dependence of the coercivity and the remanence in single-phase nanocrystallines are different from that in two-phase nanocomposites. In the single-phase nanocrystalline, the remanence increases with decreasing the grain size, while the coercivity decreases with decreasing the grain size. In the case of two-phase nanocomposites, however, both remanence and coercivity increase with decreasing the grain size of magnetically soft phase. Therefore, the initial increase in the coercivity is related to the refined microstructure of the two-phase system. At substrate velocities higher than 18.5 m/s, the grain size is small enough to achieve a high coercivity. However, a certain amount of amorphous phase coexists with the 2:17-type magnetically hard phase and ␣-Fe results in a significant decrease of the coercivity. For the as-quenched samples with s у25 m/s, a nearly complete amorphous phase is formed instead of a nanocrystalline phase, and consequently, the hard magnetic properties of as-quenched samples disappear completely.
On the basis of the micromagnetic calculations, the optimum microstructure of the composite magnets was estimated to be that the magnetically hard grains are embedded in the magnetically soft matrix with the lateral dimensions of both phases about equal to the domain wall width of the magnetically hard phase. In that case, the exchange coupling between two phases gives rise to a significant remanence enhancement and yields a ''normal'' convex demagnetization curve, similar to conventional permanent magnets. TEM results show that the average diameters, d h , and d s , of the magnetically hard phase and of the magnetically soft phase are much larger than the Bloch domain wall thickness (␦ Ϸ4 nm) of the magnetically hard phase Sm 2 Fe 15 Ga 2 C 2 . This microstructure leads to a concave demagnetization curve. Thus, the maximum energy product is not very high. Owing to the formation of the amorphous state, it is difficult to achieve further refinement to a 10 nm grain size by increasing the substrate velocity. However, some additives may be effective to refine the microstructure through rapid quenching. It is possible that the introduction of some additives makes the nanocomposites composing of Sm 2 Fe 15 Ga 2 C x and ␣-Fe with smaller sizes to possess even higher isotropic magnetic properties.
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